The complex process by which lactation is initiated upon neonate delivery remains incompletely understood. Microvesicles (MVs) can transmit microRNAs (miRNAs) into recipient cells to influence cell function, and recent studies have identified miRNAs essential for mammary gland development and lactation. This study aimed to investigate the expression of lactation-related miRNAs in MVs isolated from human umbilical cord blood immediately after delivery.
Background
Microvesicles (MVs), also known as shedding vesicles, are nanovesicles (100-1000 nm in diameter) that contain miRNAs, mRNA, and proteins [1] . miRNAs, which are short (20-22 nucleotides in length), non-coding RNAs that control the translation of proteins from many genes, can be delivered via MVs into recipient cells, where they regulate target gene expression and cell function [2] . Mincheva et al. found that placenta-derived microvesicles function as immune regulators in fetal-maternal crosstalk, improving maternal adaptation to the ongoing pregnancy and promoting fetal allograft survival [3] . It has been demonstrated that circulating syncytiotrophoblast MVs from umbilical cord blood can support normal pregnancy by binding to monocytes and B cells and inducing the release of specific cytokines (e.g., tumor necrosis factor alpha [TNF-a] and interleukin 1 alpha [IL-1a]) [4] . Using pathway analysis, a recent study revealed that umbilical cord blood exosomes collected from pregnant sheep contain miRNAs targeting cellular and organismal development [5] . These early studies indicated that miRNAs in umbilical cord blood plays key roles in the regulation of pregnancy-related processes.
The complex initiation of lactation has been studied extensively at the genetic, physiological, and morphological levels due to its importance to the health of the neonate. Several miRNAs have been shown to be indispensable for mammary development and lactation [6] . Ucar et al. showed that miR-212 and miR-132 are essential for mouse mammary gland development, particularly for the regulation of epithelial duct outgrowth [7] . Li et al. showed that miR-15a regulates growth hormone receptor expression, influences mammary epithelial cell viability, and alters the secretion of b-casein [8] . Thus, multiple miRNAs are known to be involved in the regulation of milk protein synthesis and the development of mammary glands in cows and other mammals [9] . However, little is known about the miRNAs in MVs that may be involved in the regulation of milk protein synthesis in humans. In the present study, we investigated whether umbilical cord blood MVs contained miRNAs that could regulate lactation. We isolated MVs from human umbilical cord blood samples, identified lactation-related miRNAs within these MVs, and considered the potential roles of the miRNAs in inducing the secretion of milk proteins.
Material and Methods

Sample collection and MV isolation
Umbilical cord blood samples (100 ml) were collected by midwives from 70 healthy pregnant women (age 29.26±3.61 years, body mass index 23.63±1.89 kg/m 2 , gestational age 38.51±1.67 weeks) into umbilical cord blood collection bags.
Fresh umbilical cord blood samples were processed within 6 h and briefly mixed with an equal volume of phosphate-buffered saline (PBS, pH 7.4). All donors delivered in the Department of Obstetrics and Gynaecology of the First Affiliated Hospital of Chongqing Medical University, Chongqing, People's Republic of China, between February 2015 and October 2015. The study was approved by the Ethics Review Committee on Human Research of the Chongqing Medical University (Reference Number: 2015004), and informed consent was obtained from all donors. MVs were isolated from the umbilical cord blood by continuous differential centrifugation, as previously described [10, 11] . The cells and debris were removed by centrifugation at 80×g for 20 min, 2000×g for 15 min, and 5000×g for 15 min, sequentially. Then the MVs were pelleted by further centrifugation at 12 000×g for 30 min at 4°C. The resulting precipitant was collected, suspended in 1 ml PBS, and then centrifuged at 12 000×g for 70 min.
Transmission electron microscopy and Western blot analysis
MVs isolated from the umbilical cord blood were suspended in PBS containing 0.1% bovine serum albumin (BSA). The resuspended MVs were fixed in 1% glutaraldehyde at 4°C overnight and stained with 1% uranyl acetate for 10 min. Excess fluid was removed with a piece of Whatman filter paper. All transmission electron micrographs were obtained using an H7500 transmission electron microscope (Hitachi, Japan) at 120 kV. Extracted total proteins were incubated with cold radioimmunoprecipitation (RIPA) lysis buffer and separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis. The proteins were transferred to 0.22-μm polyvinylidene difluoride (PVDF) membranes (Bio-Rad) and reacted with anti-CD63 (1: 1000, Cat #ab59479, Abcam) and anti-cytochrome c (1;1000, Cat #ab50050, Abcam) primary antibodies at 4°C overnight. After washing with Tris-buffered saline containing Tween 20 (TBST), the membranes were incubated with peroxidase-conjugated secondary antibodies (1: 1000, 0.01M PBST). Protein expression was normalized to b-actin expression. Antibodies bound on the membrane were detected using an enhanced chemiluminescence detection system (Millipore) according to the manufacturer's instructions.
Nanoparticle tracking analysis
The nanoparticle tracking analysis of the MVs was performed using a NanoSight NS300 instrument (Malvern instruments Ltd., UK) calibrated with 100-nm polystyrene beads (Polysciences, Warrington, PA). Particle suspensions were diluted in PBS to a concentration of 1-8×10 8 particles/ml for the nanoparticle tracking analysis. The Stokes-Einstein equation was employed to determine the size distribution and number of particles (concentration) within the sample.
Bioinformatics analysis
The miRNA expression profile was obtained by literature mining and database searching. We used BLAST + 2.2.31 to compare sequences of miRNAs found to be expressed during the lactation period of other mammals with human sequences listed in the miRbase database. The 11 miRNA target genes included DIANAmicroT, MicroInspector, miRanda, MirTarget2, miTarget, NBmiRTar, PicTar, PITA, RNA22, RNAhybrid, and TargetScan/TargertScanS. These were used to predict the expression of human homolog miRNA target genes. A gene was considered the corresponding miRNA target gene if it was predicted as a target gene by 5 or more tools. ClueGO determines the distribution of genes on the target gene list across the gene ontology (GO) terms and pathways. We analyzed all of the differentially expressed genes using GO and KEGG pathway analyses. The map of interactions among these target genes was constructed using Cytoscape 3.2.1.
Polymerase chain reaction (PCR) array
The miRNA expression profile in umbilical cord blood MVs was detected by a 384-well miRNA qPCR array. Quantitative real-time PCR reactions were performed on the ViiA™ 7 highthroughput real-time PCR system (Thermo Fisher Scientific).
The 25 most differentially expressed miRNAs were further validated by real-time PCR. The total RNA was isolated using a total RNA extraction kit (Quanto Bio, cat #0960601). TaqManbased quantitative PCR was performed using the 7900HT fast real-time PCR system (Applied Biosystems). EC4 and EC5 were used as the external control for miRNA in the real-time qPCR analyses. The gene expression amount was calculated as a cycle threshold (CT value). The real-time reverse transcription PCR primers used are listed in Table 1 .
Cell culture
HBL-100 cells were a kind gift from Dr. Tingxiu Xiang (Laboratory of Molecular Oncology and Epigenetics, The First Affiliated Hospital of Chongqing Medical University, Chongqing, China). The cells were routinely maintained in Dulbecco's Modified Eagle's Medium (DMEM; Gibco) plus 10% fetal bovine serum (FBS; Hyclone), 50 U/ml penicillin (Gibco), 50 mg/ml streptomycin (Gibco), and a lactogenic hormone mix of 5 mg/ml insulin (Pepro Tech), 10 ng/ml epidermal growth factor (EGF; Pepro Tech), 1 mM dexamethasone (Aladdin), and 5 mg/ml prolactin (Sigma-Aldrich). The MVs were added directly to HBL-100 cells cultured in a 12-well plate or chamber slide.
Enzyme-linked immunosorbent assay (ELISA)
Mammary epithelial cells (1×10 5 cells/well) were incubated in 450 µl culture medium per well in a 12-well plate for 1 day at 37°C in a 5% CO 2 incubator. Aliquots of MVs (30 µl) were collected and incubated with mammary epithelial cells. The culture supernatant was collected after 24, 48, 72, and 96 h. All experiments were performed in triplicate. The secretion of bcasein was confirmed using a human CSN2 ELISA kit (Shanghai Hushang Biological Technology Co., Ltd., China).
MV labeling and delivery analysis
For antibody labeling, MVs were incubated with anti-CD63 at 4°C overnight. Then, MVs were then exposed to Alexa 488-labeled goat anti-rabbit IgG secondary antibodies at room temperature for 2 h, washed with PBS, incubated with 4,6-diamidino-2-phenylindole (DAPI) for nuclear staining, and then mounted with ProLong ® Gold antifade reagent. HBL-100 cells exposed to MVs on coverslips were fixed in 4% paraformaldehyde (PFA), and immunofluorescence labeling was performed following a standard procedure. Images were obtained using a confocal laser scanning microscope (Nikon Microsystems). Digital images were recorded and analyzed using NIS 4.2 Viewer and Image Pro Plus software.
Primer Sequence
Down-regulated miRNA miR-181d miR-107 let-7c miR-10a miR-100 miR-199a-3p miR-221 miR-146b miR-199b-5p miR-26a miR-181c miR-23a miR-27a 
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Statistical analysis
In the bioinformatics analysis, the P-value was calculated using right-sided hypergeometric tests. Benjamini step-down adjustments were used for multiple test corrections. The results were considered significant when P<0.05. Thus, the corresponding GO terms and pathways were enriched in the target genes. The statistical analyses were performed with SPSS 13.0 software. Data from at least 3 separate experiments are expressed as mean ± standard deviation (SD) values. Difference in the data were analyzed using t tests between 2 groups. A value of P<0.05 was considered statistically significant.
Results
MVs in umbilical cord blood
MVs were isolated from the umbilical cord blood of healthy pregnant women using differential centrifugation at 12 000×g. Transmission electron microscopy showed that the MVs were approximately 100-500 nm in diameter and had a round shape ( Figure 1A ). Western blot analysis showed that MVs expressed cytochrome C and CD63, whereas lymphocytes did not express CD63 ( Figure 1B) . The nanoparticle tracking analysis showed that the MVs had an average diameter of 167±77.1 nm, and the MV size distribution showed 3 main peaks at 114, 141, and 383 nm ( Figure 1C ).
Bioinformatics-based identification of lactation-related miRNAs
Our searches of the literature and databases revealed 112 miRNAs that were differentially expressed during lactation in mammals (mice, rats, cows, goats, and sheep), and we found that down-regulated and up-regulated miRNAs were highly homologous among the species studied previously (Supplementary  Tables 1, 2 ). BLAST analysis identified 69 miRNAs that were highly homologous with human miRNAs. GO and KEGG pathway analyses suggested that these miRNAs may regulate genes associated with macromolecule biosynthetic processes and important lactation pathways, such as the MAPK, mTOR, and PI3K-Akt signaling pathways. Overall, we found that the following 18 of the 69 miRNAs were down-regulated: miR-181d-5p, miR-574-3p, miR-107, let-7c-5p, miR-10a-5p, miR-100-5p, miR-199a-3p, miR-221-3p, miR-205-5p, miR-146b-5p, miR-221-5p, miR-199b-5p, miR-203a-3p, miR-26a-5p, miR-181c-5p, miR-134-5p, miR-23a-5p, and miR-27a-5p. The other 51 miRNAs were up-regulated. 
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We analyzed all of the differentially expressed genes regulated by these miRNAs using ClueGO for GO and KEGG pathway analyses (Supplementary Tables 3, 4 ). In the GO analysis, the down-regulated miRNAs were associated with 15 biological processes (P<1.83E-11). As shown in Supplementary Table 3A , the 5 most significantly enriched biological processes were: positive regulation of macromolecule metabolism, positive regulation of cellular metabolism, nervous system development, positive regulation of macromolecule biosynthesis, and positive regulation of cellular biosynthesis. In the KEGG analysis, as shown in Supplementary Table 4A , the down-regulated miRNAs were mainly associated with the following pathways: dorso-ventral axis formation, MAPK signaling pathway, miRNAs in cancer, and the mechanistic target of rapamycin (mTOR) signaling pathway.
As shown in Supplementary Table 3B, the 5 most significantly enriched biological processes associated with the up-regulated miRNAs were: multicellular organismal development, regulation of macromolecule metabolism, negative regulation of biological processes, positive regulation of macromolecule metabolism, and regulation of metabolism. These biological processes, while not unexpected, are all closely connected with macromolecule biosynthesis and metabolism. As shown in Supplementary Table 4B, the up-regulated miRNAs were mainly involved in the following pathways: thyroid hormone signaling, miRNAs in cancer, MAPK signaling, and PI3K-Akt signaling. Interestingly, the significantly enriched pathways were associated with milk protein synthesis, which indicates that miRNA signaling may be an important molecular event during lactation.
Validation of miRNA expression in MVs
We identified 337 miRNAs in umbilical cord blood MVs using a 384-miRNA qPCR array (Supplementary Table 5 ). As shown in Figure 2A , 55 miRNAs in the MVs were lactation-related, and these represented 79.71% of the total lactation-related miRNAs (55/69). Another 30 miRNAs in MVs were lactation-related miRNAs with -3p/-5p or * forms, and they had the same function. Finally, 85 lactation-related miRNAs in MVs were found and accounted for 25.22% of all miRNAs of the MVs (85/337). The 25 most differentially expressed lactation-related miRNAs according to the bioinformatics analysis were selected for further validation. As shown in Figure 2B , real-time PCR was then performed to assess the miRNA expression in 9 samples, and the averages of the Ct values were between 15 and 35.
Interaction between HBL-100 mammary epithelial cells and MVs and consequent changes in b-casein secretion
To evaluate the interaction between MVs and cultured HBL-100 cells, MVs were labeled with fluorescein isothiocyanate (FITC) and incubated with HBL-100 cells prior to observation by confocal microscopy. The nuclei of HBL-100 cells were labeled with DAPI. Confocal microscopy images of the treated 
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MVs revealed green spots around cells ( Figure 3A , upper panel), whereas after 4 h, MVs were found inside the HBL-100 cells ( Figure 3A , lower panel).
Aliquots of MVs (30 µl) were collected and incubated with human mammary epithelial cells. After 24, 48, 72, and 96 h, b-casein production had increased. Specifically, at 96 h, the concentration of b-casein in the supernatant was significantly greater at 16 ng/ml compared to that in the control group (7.5 ng/ml; P<0.05, Figure 3B ). These results suggest that bcasein secretion was increased after the addition of MVs from umbilical cord blood.
Discussion
MVs are shed from the plasma membrane into the extracellular environment to facilitate communication between cells. Despite their small size (100-1000 nm), MVs are enriched in bioactive molecules and contain nucleic acids and/or proteins. MVs are known to play roles in growth, differentiation, and cancer progression. Valadi et al. first demonstrated that MVs contain both mRNA and miRNA [12] . Later research showed that MVs have pleiotropic effects on both fetal and maternal environments through the transmission of miRNA or/and proteins during pregnancy [13] [14] [15] . For example, MVs from uterine fluid were found to directly transfer miRNAs, such as miR200c, miR17, and miR106a, thereby contributing to the endometrial-embryo crosstalk required for embryo implantation [16] . In addition, MVs from the amniotic fluid were found to support fetal survival via their capture by human monocytic THP-1 cells and subsequent stimulation of cytokine release and nuclear factor kappa B (NF-kB)/STAT3 activation in a Toll-like receptor-dependent manner [17] . Moreover, circulating MVs shed by trophoblasts and isolated from plasma of pregnant women are able to downregulate T-cell activity, suggesting a possible role for these MVs in maintaining pregnancy [18] . Certainly, many questions regarding the role of MVs during pregnancy, and even delivery, remain to be answered. In the present study, we isolated MVs from umbilical cord blood and found that they contained an abundance of miRNAs, with bioinformatics analysis and real-time PCR revealing the presence of 337 miRNAs, 85 of which are lactation-related miRNAs, in these MVs.
Lactation is controlled by a complex interplay of endocrine hormones and proteins that act together locally. The most important genes in the networks of milk protein synthesis are believed to be PRLR, Jak2, Stat5, mTOR, insulin, AMPK, and MAPK [19] [20] [21] . A recent study indicated that miRNAs play a key role in mammary gland development; therefore, hormones and proteins are not the only factors influencing this process. Through extensive sequencing analyses, Li et al. explored differentially expressed miRNAs in lactating cow mammary glands and identified 226 differentially expressed miRNAs in the lactation period versus the non-lactation period. They then found that 16 key lactation genes mainly associated with milk synthesis and composition regulation were maintained by 37 differentially expressed miRNAs in lactating cow mammary glands [22] . Another study reported that there are 44 genes involved in milk protein synthesis and regulation in cows [23] ; therefore, Li et al. connected 16 of the 44 genes to miRNAs. In the present study, we identified 69 miRNAs previously reported in lactating mammals that were highly homologous with human miRNAs by BLAST. Our GO and KEGG pathway analyses linked these miRNAs to genes associated with macromolecule biosynthesis and important lactation pathways. Overall, we found that 18 genes involved in milk synthesis were regulated by 29 miRNAs isolated from human umbilical cord MVs. These findings suggest that MVs in umbilical cord blood play a role in the regulation of milk protein synthesis.
Previous studies have demonstrated miRNA activities related to lactation via specific effects in mammary gland cells. For example, miR-101a was shown to influence mammary gland development by regulating the expression of cyclooxygenase-2 [24] , and miR-126-3p targeting of progesterone receptors can affect the viability of mammary epithelial cells and secretion of b-casein [25] . Our in vitro investigation of the effects of umbilical cord blood MVs on HBL-100 mammary epithelial cells showed that uptake of MVs by HBL-100 cells occurred within 4 h, and consequently, the secretion of b-casein was significantly increased at 96 h. Thus, our in vitro experiments confirmed the lactation-related activity of MVs isolated from umbilical cord blood.
The increased production of milk protein after uptake of MVs could be related to the function of miRNAs independently or the function of miRNAs and other included components (e.g., protein) acting synergistically, and further studies are needed to determine the exact role of the miRNAs. For example, the specific genes associated with milk protein synthesis that are regulated by the miRNAs remain to be identified.
Conclusions
Our study revealed that umbilical cord blood MVs contain a large number of lactation-related miRNAs. Moreover, b-casein production was increased in HBL-100 cells treated with the cord blood-derived MVs. Together, our results suggest that miRNAs in umbilical cord blood MVs likely play a biological role in regulating lactation. Therefore, umbilical cord blood MVs represent a new vehicle of fetal-maternal crosstalk. We will explore the signaling mechanisms underlying the effects of umbilical cord blood MVs on lactation in our future research. 4551
